Objective: Biomarkers predict risk for Alzheimer's disease, but the ability to predict when most people are still biomarker negative would foster earlier identification of risk. We hypothesized that memory testing-particularly combining multiple memory measures-in cognitively normal middle-aged adults would provide good prediction of 6-year progression to mild cognitive impairment (MCI). Our use of multiple measures contrasts with frequent efforts to identify the single best measure for prediction, an underlying assumption of which is that adding a suboptimal measure will worsen prediction.
the protracted period of disease progression, biomarker positivity indicates that a certain amount of disease progression has already taken place. The ability to identify individuals at risk before they become biomarker positive would thus be of great potential value. As such, there is pressing need to identify other tests that are non-invasive, low-cost, and can improve earlier identification of risk for AD 4, 12 .
Episodic memory is an effective early predictor of MCI/AD progression [13] [14] [15] [16] [17] [18] [19] . This is intuitive as memory is severely impaired in AD, and MCI diagnoses are in part based on impaired memory performance 20 . However, comprehensive neuropsychological assessment of memory (and other cognitive domains) is often lacking in longitudinal studies aimed at detecting which individuals are at the greatest risk for MCI.
Efforts to improve longitudinal prediction of MCI or AD using cognitive measures have often focused on evaluating which measures provide the best prediction compared with other measures 19, 21, 22 . Although it is clearly theoretically and practically useful-and perhaps costeffective-to identify which specific tests and measures 1 are the most useful at predicting later impairment, an unspoken assumption is that including the lesser predictors in the model will not improve (or may even hurt) predictive ability. In the current study, we tested the hypothesis that combining multiple memory measures (within test and across multiple tests) will provide a stronger and more robust prediction than the single best measure. Indeed, we have demonstrated that although multiple memory tests have common genetic and environmental variance, specific tests (and measures within tests) have independent genetic and environmental influences, suggesting that memory tests are not interchangeable 23, 24 .
We evaluated our hypothesis in a community sample of middle-aged adults from the Vietnam Era Twin Study of Aging (VETSA) who were all cognitively normal at baseline. They completed multiple memory tests at mean ages 56 and 62. Examining these associations in midlife will be important because improving treatment efficacy may depend on early intervention 12, 25 , and cognitive abilities may already be declining by the late 50s 24, [26] [27] [28] . In these analyses, we compare two approaches to aggregating measures: z-score composites and factor scores (derived from structural equation models). We expected that the factor score approach would have the strongest prediction because they weigh more strongly the measures that are the best indicators of the latent memory construct.
Method

Participants
Data were obtained from 1289 men who completed neuropsychological memory tests during the first wave of the VETSA (mean age 56). The final sample included 849 individuals who were cognitively normal at the first wave, participated in wave 2 (mean age 62), and had data for all covariates. All participants were recruited randomly from a previous large-scale study of Vietnam Era Twin Registry participants 29 . All participants served in the United States military at some time between 1965 and 1975; nearly 80% did not serve in combat or in Vietnam 30, 31 .
Participants are generally representative of American men in their age group with respect to MULTIPLE TESTS IMPROVE MCI PREDICTION 5 health and lifestyle characteristics 32 . All participants provided informed consent and the study was approved by local Institutional Review Boards at the University of California, San Diego and Boston University.
Episodic Memory Measures
Episodic memory was measured at both waves with the Logical Memory (LM) and
Visual Reproductions (VR) subtests of the Wechsler Memory Scale-III 33 , and the California Verbal Learning Test-II (CVLT) 34 . For LM and VR, we examined immediate recall and delayed recall measures. For the CVLT, we examined the short delay and long delay free recall measures, as well as the total score for the learning trials (1 through 5). In analyses involving MCI, all memory measures were z-scored and transformed so that odds ratios (ORs) reflect the increase in odds of MCI for every decrease of 1 SD in memory performance (in relation to the full sample of N=1289 at wave 1). These standardization procedures were also conducted for the aggregated memory measures described next.
In addition to examining the predictive ability of each memory measure alone we combined measures in two ways. First, we created z-score composites for measures within a given test (e.g., LM immediate recall, LM delayed recall), and comparable measures across tests (e.g., LM immediate recall, VR immediate recall, CVLT short delay free recall). We also created z-score composites that combined the 6 short/long delay conditions across all tests (i.e., all measures except CVLT learning trials) or all 7 memory measures (including CVLT learning trials).
Second, we created factor scores from latent memory variables. Latent factors were exported from structural equation models in MPlus version 7.2 35 based in part on those reported in earlier work from this sample 24 . These factor scores are similar to the z-score composites, but MULTIPLE TESTS IMPROVE MCI PREDICTION 6 measures that have stronger factor loadings on the latent memory factor are weighted more heavily. These latent factors are displayed in Figure 1 and were also based on the full wave 1 sample (N = 1289). Factor scores were created for immediate recall measures, delayed recall measures, immediate and delayed recall measures (i.e., the model presented in Panizzon et al., 2015) , and all 7 measures 2 . Each model had good fit to the data based on standard structural equation metrics, including Root Mean Square Error of Approximation values < .06, and the Comparative Fit Index values > .950 36 . There were a few cases where individuals were missing memory data for specific measures (see Table 2 ). In these cases, z-scores and factor scores were created based on all available measures.
Mild cognitive impairment diagnoses
MCI was diagnosed using the Jak-Bondi approach 4, 20, 37 . Impairment in a cognitive domain was defined as having at least two tests >1.5 SDs below the age-and education-adjusted normative means after accounting for "premorbid" cognitive ability by adjusting neuropsychological scores for performance on a test of general cognitive ability that was taken at a mean age of 20 years. The adjustment for age 20 cognitive ability ensures that the MCI diagnosis is capturing a decline in function rather than long-standing low ability. Most prior studies have used an impairment criterion on >1 SD, but they have had considerably older samples. As explained previously 38 , we used the conservative criterion on >1.5 SDs because of the expected lower base rate in our late middle-aged sample. The validity of the VETSA MCI diagnoses is supported by previous studies 4, 20, 37 and in the present sample by evidence of 2 In the final model ( Figure 1d ), we used modification indices to identify an additional factor loading from the CVLT learning trials directly to the latent Episodic Memory factor. This factor loading was not predicted a priori but was intuitive given that this is was only memory measure that directly assessed encoding. Results of the model were similar without this additional factor loading, but the model displayed in Figure 1d was more parsimonious (based on all model fit indices), and the other factor loadings in the model were most similar to those in Figure 1c (without CVLT learning trials). reduced hippocampal volume in those diagnosed with amnestic MCI 39 . Higher AD polygenic risk scores were also associated with significantly increased odds of MCI in this sample 40 , indicating that the MCI diagnosis is genetically-related to AD.
MCI diagnoses at wave 2 were also based on measures that were adjusted to account for practice effects 41 , leveraging data from attrition replacement subjects who completed the task battery for the first time at wave 2 (N=179), to estimate the increase in performance expected in returnees who completed the tests twice.
Because we were interested in transition to MCI, analyses included only individuals who were cognitively normal at wave 1 and had data for all covariates. Of the 849 returnees meeting this criterion, 45 (5.3%) progressed to amnestic MCI, and 41 (4.8%) progressed to non-amnestic MCI (impairment in executive function, attention/working memory, visual-spatial, and/or processing speed, but not memory).
Data Analysis
All statistical analyses were conducted using R version 3.5.1. Analyses involving MCI were conducted with mixed effects logistic regression using the lme4 package 42 . In these analyses, we controlled for wave 1 age, the time interval between wave 1 and wave 2 assessments, years of education, race/ethnicity (white non-Hispanic vs. other), wave 1 diabetes status (yes/no), wave 1 hypertension status (yes/no), APOE-ε4 allele status (ε4+ vs. Diabetes and hypertension status were based on whether the participant either (a) reported being diagnosed by a doctor, (b) reported they were currently taking medication for diabetes or high blood pressure, and/or (c) whether they had high blood pressure on the day of testing (hypertension only). Finally, twin pair ID was included as a random effect to account for the MULTIPLE TESTS IMPROVE MCI PREDICTION 8 clustering of data within families. The lme4 package uses list-wise deletion with missing observations, and reports profile-based 95% confidence intervals (95% CIs).
Results
Descriptive Statistics
Demographic and clinical characteristics of the sample are displayed in Table 1 . There were no significant differences between cognitively normal and amnestic MCI groups in any of these characteristics. Compared to cognitively normal returnees, those diagnosed with nonamnestic MCI at wave 2 were older at baseline (p = .024) and a smaller proportion were white non-Hispanic (p = .031). Descriptive statistics for memory measures at wave 1 are displayed in Table 2 .
Six-Year Prediction of Progression to Mild Cognitive Impairment
The results of the primary analyses are displayed in Table 3 . Each cell in Table 3 displays an odds ratio from a separate longitudinal logistic regression in which that memory measure (or combination of multiple memory measures) predicts progression to amnestic MCI (Table 3a) or non-amnestic MCI (Table 3b ) 6 years later. Higher odds ratios indicate increased odds of progression to MCI estimated for a 1 SD decrease on the baseline memory measure. Although most confidence intervals overlapped, long delay recall conditions tended to be MULTIPLE TESTS IMPROVE MCI PREDICTION 9 stronger predictors of progression to MCI than short delay conditions (11.5% higher ORs on average, range=4.4 to 23.0%) and OR estimates for combinations of multiple measures greatly outperformed the individual measures that comprised them. Specifically, aggregating measures within the same test (e.g., LM immediate and delay recall) resulted in a small increase in ORs (average=21.2% larger ORs, range=2.1 to 55.1%). Aggregating measures of the same type across tests (e.g., all immediate recall measures) resulted in a larger increase in ORs (average=105.9% larger ORs, range=46.0 to 296.9%). Aggregating across all 7 measures resulted in the largest increase in ORs compared to individual measures (average=213.1% larger ORs, range=85.6 to 517.2%). Finally, OR estimates for latent factors scores were always larger than z-score composites (average=8.7% larger ORs, range=5.1 to 12.0%), but all 95% CIs overlapped.
As shown in
A different pattern of results was observed for non-amnestic MCI. Some memory measures at wave 1 predicted progression to non-amnestic MCI at wave 2 (3 out of 7 measures), the strongest of which was VR immediate recall, OR = 2.02, 95% CI [1.33, 3.28]. However, the predictive ability was far weaker than it was for amnestic MCI. Although aggregating measures sometimes resulted in larger ORs than those for individual measures, none of these estimates was stronger than that for VR immediate recall alone. Thus, there was some evidence that baseline memory predicted later non-amnestic impairment, but combining a mix of informative and noninformative predictors did not appear to strengthen prediction.
Discussion
The results of the study confirmed our primary hypothesis that combining multiple measures of memory improved prediction of progression to amnestic MCI across 6 years. These Although it may seem obvious that memory measures predict later memory impairment, it is still notable that the prediction was 6 years later. Few prospective studies of MCI or AD rigorously control for baseline memory, and many have focused on finding the best individual predictors 19, 21, 22 , rather than aggregating across all measures 22, 45-48. Biomarkers characterize underlying pathology, and because measurable abnormalities appear early in the disease process MULTIPLE TESTS IMPROVE MCI PREDICTION 11 they are important and effective predictors of later impairment [7] [8] [9] . However, the results described here strongly suggest that we should not lose sight of cognitive tests as low-cost, non-invasive assessments because they indicate that at currently detectable levels, biomarkers are not necessarily the earliest predictors of progression to MCI. This may be especially important in middle-aged samples such as the one utilized here, where we may not expect many individuals to be biomarker positive at baseline.
In addition, the results suggest that latent variable approaches can be employed to improve prediction of MCI. Given the proportion of amnestic MCI in this sample (5.3%), power estimates using Gpower V3.1.9.2 (without covariates) suggest that a study which administered only logical memory delayed recall (OR=3.22) would require 102 subjects to significantly predict progression to amnestic MCI at the .05 level (with 80% power). When using the latent factor based on all 3 memory tests (OR=9.88) the same power analysis indicates that only 35 subjects would be necessary. We conclude that this small amount of additional non-invasive testing time is a very worthwhile investment.
Creating z-score composites also effectively led to stronger prediction of progression to amnestic MCI compared with individual measures, especially when measures were aggregated across tests. However, averaging multiple measures ignores the fact that some measures are much better indexes of memory ability than others. Although the average increase in OR was only about 8.7% with factor scores compared to z-score, this two-stage process (fitting a structural model of the memory measures, then using the exported factor score in a standard logistic regression) can be easily applied to other datasets and may be valuable in large-scale studies.
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In contrast, combining multiple predictors did not increase overall prediction for progression to non-amnestic MCI (though all 95% CIs overlapped). The results argue against general cognitive deficit as a predictor of MCI. Rather, there appears to be some specificity of cognitive predictors of MCI. Thus, combining multiple cognitive measures appears to be capable of dramatic improvement in prediction if they are domain-relevant.
Some limitations of the study should be noted. First the sample comprised only men, so it will be important to examine whether these findings generalize to samples with women. Second, amnestic MCI diagnoses were not validated with AD biomarkers. On the other hand, VETSA MCI diagnoses at wave 1 were validated with evidence of reduced hippocampal volume in those diagnosed with amnestic MCI 39 , and higher AD polygenic risk scores in those with amnestic MCI 40 , the latter supporting their being AD-related.
In summary, baseline measures of memory can strongly predict progression to amnestic MCI. Although all individuals were cognitively normal at baseline, individual differences still effectively predicted later amnestic impairment. Prospective studies of MCI designed to identify those at greatest risk should administer multiple memory tests as early as possible to maximize their ability to predict changes. It is also worth examining whether and when tests in other cognitive domains might further improve prediction. Nevertheless, the results indicate that a small amount of additional testing time could go a long way in increasing power and improving prediction, and that neuropsychological assessment can be a sensitive predictor of risk for MCI even before individuals are likely to have become biomarker positive.
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Figure 1:
Structural equation models used to create factor scores for episodic memory at wave 1.
In each model, variance explained in a given memory measure (rectangle) by latent factors (ovals) can be computed by squaring the factor loading on that factor. Factor scores for the highest-level Episodic Memory latent factor in each model were exported in Mplus and used as a continuous variable in separate logistic regression analyses involving MCI. All factor loadings were significant (p < .05) and all models fit the data well.
